Figure 1. Strategy for Modification of the CENP-E Locus and Identification of ES Cell Clones in which the CENP-E Locus Is Modified

CENP-E Is Required for the Stability
on coverslips and rapidly fixed with a prewarmed solution of glutaraldehyde (2%) amd then prepared for elecof Kinetochore-Microtubule Interactions To examine, at higher resolution, why the absence of tron microscopy (see Experimental Procedures). Serial thin sections revealed that aligned kinetochores in wild-CENP-E affected chromosome behavior, we used conventional electron microscopy of serial thin sections and type fibroblasts were associated with the ends of between five and seven microtubules ( Figure 3A ). Some electron tomographic reconstruction of thick sections to examine kinetochore structure and kinetochorealdehyde-fixed samples were rapidly frozen in a highpressure freezer and then prepared for thick (approximicrotubule associations in CENP-E-containing and CENP-E-deficient cells. Primary fibroblasts were grown mately 300 nm) sectioning. Tomographic reconstruction of thick sections allowed the generation of graphic modsee also tomogram and 3D reconstructed model in Supplemental Data at http://www.developmentalcell.com/ els for two wild-type kinetochores, confirming the number of microtubules seen in thin sections ( Figure 3C ; cgi/content/full/3/3//DC1). Overall, combining data from both methods, there were 5.6 Ϯ 0.9 (mean Ϯ SEM, The kinetochores and their associated microtubules were also examined on the centrophilic chromosomes n ϭ 7 kinteochores counted) microtubules associated with each kinetochore. Similar analyses of cells with commonly found in CENP-E-deficient cells. These chromosomes were almost always V shaped, with the tip of a CENP-E disruption, identified in the Ad-Cre-infected populations by the presence of centrophilic chromothe V pointing directly toward the nearby pole and the arms trailing away. Such geometry is characteristic of somes, revealed a reduced number of kinetochoreassociated microtubules ( Figure 3B ). Only 2.4 Ϯ 0.5 minormal early prometaphase, when poleward chromosome movement is mediated through the attachment of crotubules per kinetochore were seen (five kinetochores counted). For example, tomographic reconstruction of astral microtubules to kinetochore-associated motors that provide a pole-directed force at the kinetochores an equatorial chromosome from one CENP-E-deficient cell ( Figure 3D ; see also tomogram and 3D recon- (Rieder and Alexander, 1990 ). Examination of three such chromosomes by serial sectioning revealed that their structed model in Supplemental Data at http:// www.developmentalcell.com/cgi/content/fu ll/3/3/ centromeres were positioned very close to the pericentriolar material of the adjacent pole ( Figure 4A ), so close /DC1) identified only two microtubules at that kinetochore.
that the centriole was within 430 nm Ϯ 65 nm (n ϭ 3). indistinguishable from that found in CENP-E-containing staining and reduced sister stretching (e.g., Figure 5B , yellow arrows). The kinetochore spacings for centrophicells, whereas kinetochores of centrophilic chromosomes had spacings about half that of the aligned ones lic and Mad2-positive chromosomes were similar to those for kinetochores under no tension (as measured (n ϭ 6 kinetochores from two cells) ( Figure 5C ). As expected, most aligned kinetochore pairs had lost Mad2, in the absence of microtubules induced by colcemid, n ϭ 26 kinetochores from two cells). and all centrophilic chromosomes were Mad2 positive (n ϭ 10 kinetochores from five cells). Unexpectedly, we
The presence of Mad2 at centrophilic, as well as at some equatorial, chromatid pairs and the absence of found that some equatorially positioned kinetochore pairs (n ϭ 4 kinetochores from two cells) exhibited Mad2 tension generated across sister kinetochores of these chromosomes provide additional measures for the loss maintains a ball-shaped structure atop the trophoblast of microtubule occupancy and stability at these CENPcell layer. E-depleted kinetochores.
In wild-type embryos and those heterozygous for the CENP-E disruption, all stages of mitosis were represented, including prophase, prometaphase, metaphase, Abnormal Development and Mitoses in Early and anaphase ( Figure 6A , yellow, blue, white, and green
CENP-E Null Embryos arrows, respectively). The cells of the inner cell mass To test whether homozygous disruption of CENP-E
continued to divide for at least 5 days in culture. CENP-E would affect mouse development and viability, we intercrossed mice heterozygous for the disruption and ananull embryos, on the other hand, were much less suclyzed the genotypes of the resulting offspring. Of the cessful in attaching to the chamber slide and much less first 150 mice genotyped, there were no mice homozyrobust: only 12% survived in vitro, compared with 97% gous for the CENP-E disruption ( Table 1) . Recovery of for wild-type or CENP-E heterozygotes. While these embryos at 7.5 or 8.5 days revealed that homozygous gross abnormalities precluded assessment of intracellu-CENP-E disruptants were also absent at these ages, lar defects in the most abnormal null embryos, the leastindicating that embryos lacking a functional CENP-E affected CENP-E depleted embryos (the ones that did gene are unable to implant and/or develop past implanattach to the culture chambers) exhibited obviously retation.
tarded growth of the inner cell mass, with less than one-A culture of CENP-E null embryos was performed at fifth as many cells as wild-type embryos (compare right even earlier ages to examine why these embryos were panels of Figures 6A and 6B). Growth in some embryos dying in utero. Embryos from CENP-E heterozygote inwas so severely abnormal that the inner cell mass detercrosses were collected at 3.5 days of age, just prior tached from the trophoblast layer. to the normal time of implantation. Nested PCR was
The CENP-E null embryos that were sufficiently performed to genotype the embryos (see Experimental healthy to remain attached to the culture chamber Procedures). This revealed that, from the 71 embryos throughout fixation and staining contained multiple abcollected at embryonic day 3.5, 24% were homozygous normal mitoses ( Figure 6B ). These included chromofor the CENP-E disruption (Table 1) , a number consistent somes displaced from an otherwise normal metaphase with that expected from a heterozygous intercross. plate ( Figure 6B , orange arrows in inset). By projecting These embryos were then cultured in vitro in glassa 3D reconstruction of this spindle in an appropriate bottomed chamber slides for 2-4 days (Glasser et al., orientation, we saw that two misaligned chromosomes 1981). To identify mitotic cells with confidence, we fixed were closely associated with one spindle pole (whose embryos at varying times of culture and used indirect position can be inferred from the convergence of the immunofluorescence with tubulin antibodies to detect spindle microtubules). Similar figures were never seen spindle assembly and with an antibody specific for (Ͼ100 mitoses examined) in normal embryos. A more phosphorylated histone H3, a mitotic-specific chromatin aberrant mitotic cell in this embryo ( Figure 6B , white modification (Gurley et al., 1978). Images were collected arrows in inset) also had chromosomes clustered around by deconvolution light microscopy, and the genotype each pole, as well as an imperfectly aligned metaphase. of each embryo was determined retrospectively by solu-(Images of two other mitotic cells in this embryo were bilizing it from the slide, transferring it to a lysis buffer, consistent with prophase (yellow arrow) or early proand performing nested PCR with primers whose prodmetaphase (blue arrow), although they could also repreucts identified the wild-type or disrupted CENP-E alsent even more-extreme phenotypes of failure of chroleles. Normal embryos were found to hatch from the mosome attachment.) Nested PCR of DNA from this zona pellucida and efficiently attach to the culture chamembryo demonstrated that it was indeed a CENP-E null ber (100%, n ϭ 28), a behavior that is analogous to in embryo ( Figure 6C ). vivo implantation. The trophoblast cells of the embryo spread onto the chamber slide, and the inner cell mass
The high frequency of aberrant mitoses as prominent events, even in the least-affected null embryos, demonliver regeneration in mice after Cre-mediated disruption of the conditional CENP-E gene. Adenovirus adminisstrates that CENP-E provides an essential linker for kinetochore-microtubule attachment and stabilization tered through tail vein injection is readily absorbed by the liver; thus, the Cre recombinase can be effectively during early mouse development. delivered to this tissue. Additionally, liver cells readily proliferate in response to toxic injury, a feature that Chromosome Instability during Liver Regeneration without CENP-E provides a source of mitotic cells in a mature tissue. AdCre was administered to adult mice by tail vein injection, To examine the contribution of CENP-E to regeneration of a mature, fully developed tissue, we chose to study and, 5-11 days later, the toxin carbon tetrachloride was injected to induce liver damage (see Figures 7A and 7B) . had misaligned chromosomes, a number nine times that seen in wild-type cells (p ϭ 0.02). Because of differences in oxygen concentration and expression of cytochrome p450 isozymes, carbon tetraMoreover, 95% of the anaphases in the CENP-Edepleted livers had abnormal chromosome positioning chloride-induced damage preferentially occurs in the hepatocytes surrounding the central vein ( Figure 7B,  (Figure 7H ). This included lagging chromosomes ( Figure  7F , green arrows) that were found in 27% of anaphases marked "CV") (Lindros et al., 1990; Morrison et al., 1965) . In contrast, hepatocytes in the region surrounding the and polar chromosomes ( Figure 7F , blue arrows; quantified in Figure 7I ) in 73% of anaphases. Chromosomes portal tract (PT) respond to the toxic injury by dividing and replacing the damaged hepatocytes ( Figure 7B) that were not obviously spindle associated ( Figure 7F , white arrows) were found in 56% of anaphases. Thus, (Morrison et al., 1965) . This induces a wave of DNA synthesis that peaks between 40 and 44 hr after damage stable attachment of spindle microtubules to kinetochores is strongly compromised during regeneration in (Melvin, 1968) Despite these mitotic abnormalities, serum alanine aminotransferase levels, which were elevated in mice determine the efficiency of loxP-CENP-E excision by the Cre recombinase. Earlier work has shown an efficiency with a damaged or diseased liver, returned to normal at approximately normal rates in the CENP-E mice. The of Cre-mediated excision of loxP-flanked regions in liver as high as 99% (Wang et al., 1996) ; in our hands, excision levels were elevated in serum of all mice 3 days after carbon tetrachloride injection and returned to the normal ranged from 34%-95% (see Experimental Procedures for quantitation protocol), and, in eight animals, it averrange in all genotypes of mice allowed to recover for 7 days. Albumin levels (measured only at 7 days) were aged approximately 70%. The extent and localization of carbon tetrachloride-induced damage was assessed within the normal range, consistent with functional recovery from liver damage. Moreover, hepatocyte difin hematoxylin-and eosin-stained sections of formalinfixed, paraffin-embedded livers from both CENP-E-conferentiation appeared to proceed normally. Therefore, despite the chromosomal instability observed after taining and CENP-E-deficient livers. Three days after injection, both wild-type and CENP-E-deficient livers CENP-E depletion and a single toxic injury, the liver appears to recover functionally. exhibited tissue damage characteristic of that induced by carbon tetrachloride. The area around the central vein was necrotic, whereas the portal tract region displayed Discussion normal histology ( Figure 7C ). When livers were examined 7 days after carbon tetrachloride injection, liver regenerOur evidence demonstrates that CENP-E is required in ation and recovery were apparent ( Figure 7C) , with fewer vivo and in vitro to establish and maintain stable attachmitoses present than at earlier times after injury. ments between kinetochores and spindle microtubules To investigate CENP-E function in regeneration, we and thus to prevent chromosome loss during anaphase counted mitotic figures and examined them for abnor-(chromosomal instability). Evidence for this conclusion malities. CENP-E-deficient cells were easily identified includes the following: (1) chronic centrophilic chromoin the livers from which the CENP-E gene had been somes in primary cells after CENP-E gene excision; (2) deleted ( Figure 7D ). Both CENP-E-positive and CENP-Ethe absence of stable microtubule capture by either negative hepatocytes were found, sometimes adjacent kinetochore of such centrophilic chromatid pairs; (3) to one another. Mitotic figures were scored for the pres-50% fewer microtubules bound to kinetochores of biorence of bipolar spindles with and without misaligned iented, aligned chromosomes; (4) despite apparently chromosomes ( Figure 7E ). The frequency of mitotic cells normal congression, a subset of the kinetochores that was indistinguishable in CENP-E gene-deleted and wildlack CENP-E is displaced from full metaphase aligntype livers, both 3 and 7 days after carbon tetrachloride ment, with each of these sister kinetochores recruiting injection. However, more than 90% (100 fields of 7 mm 2 the same amount of Mad2 as is found on microtubuleanalyzed from four animals) of the CENP-E-depleted free kinetochores; (5) other chromatid pairs appear fully mitotic figures with bipolar spindles included misaligned aligned, yet have highly asymmetric levels of kinetochromosomes (examples in Figures 7D and 7E ; quantichore Mad2, suggesting that, even after initial bipolar fied in Figure 7G ). Some chromosomes were displaced attachment and chromosome alignment, kinetochore from the metaphase plate (yellow arrows), some were attachment is unusually labile in the absence of CENP-E; clustered near a pole (blue arrows), and some were (6) early developmental arrest in mouse embryos accompletely separated from the spindle (white arrows).
companied by aberrant mitoses with centrophilic chroThis condition was characteristic of all four livers with mosomes that do not make timely bioriented attach-‫%07ف‬ efficiency of CENP-E gene deletion. The frements; (7) a 9-fold increase in the number of mitoses quency of preanaphase chromosomal misalignments with misaligned, centrophilic chromosomes that fail to was four times that in wild-type livers, a comparison that efficiently achieve bioriented attachment and conwas highly statistically significant (p ϭ 0.03). Moreover, gression during regeneration of a fully differentiated tissue; (8) 95% of anaphases with aberrantly positioned Ͼ50% of all mitotic figures from CENP-E-depleted livers MEFs were cultured in DMEM (Gibco) containing 10% fetal bovine al., 1997), gancyclovir was used at 2 M. DNA was prepared from serum (Omega Scientific), 100 mM glutamine (Gibco), and 50 g/ml cells by lysis in 100 mM Tris-HCl (pH 8.5), 5 mM EDTA, 0.2% SDS, penicillin/streptomycin (Gibco). Mouse embryonic fibroblasts were and 200 mM NaCl with 100 g/ml proteinase K (Roche). DNA was prepared according to a protocol supplied by the ES Core Facility precipitated with isopropanol, rinsed with 70% ethanol, and resusat Washington University (St. Louis, MO). Briefly, a pregnant female pended in 125 l 10 mM Tris and 1 mM EDTA (pH 7.5). ES cells was sacrificed, the embryos were removed from the uterus and with the desired CENP-E genomic modifications were injected into amniotic sac, the head, liver, and tail were removed, and the embryo blastocyst-stage embryos from a C57Bl/6 background, and the rewas transferred to a dish containing 0.05% trypsin. The embryo was sultant chimeras were bred to C57Bl/6 mice to produce mice heterodissected into small pieces, and, after 15 min at 37ЊC, the trypsin zygous for modifications at the CENP-E locus. and digested embryo were transferred to a conical tube containing MEF media. After allowing the large tissue pieces to settle for 2 min, Mouse Tail DNA Preparation the supernatant was transferred to a new tube and spun at 1000 Mouse tail DNA was prepared by digestion in 10 mM Tris-HCl (pH rpm in a clinical centrifuge, and the pellet was resuspended in 5 ml 7.5), 100 mM NaCl, 10 mM EDTA, and 0.5% SDS with 0.4 g/l of media and plated on a 6 cm dish. Genomic DNA was prepared proteinase K (Roche) overnight at 55ЊC. DNA was extracted first from embryonic tails and analyzed by PCR as described for mouse with phenol:chloroform ( Deconvolution Microscopy Deconvolution images were collected using a DeltaVision wide-field media through a 1 ml syringe and a 26 gauge needle. Embryos were collected by mouth pipetting with a glass capillary needle. For deconvolution microscope system built on a Nikon TE200 inverted microscope base. For imaging, a 40ϫ 1.3 NA lens, a 60ϫ 1.4 NA culture, embryos were transferred to ES cell media in a 0.5% gelatincoated (Sigma) 8-well chamber slide (Nunc) and were grown at 37ЊC lens, or a 100ϫ 1.4 NA lens was used, and optical sections were taken at 0.2 m intervals for single cells and 0.3 m intervals for and 10% CO 2 . Embryos that failed to hatch from the zona pellucida were briefly (1-2 min) incubated in M2 media at pH 2.5. To prepare embryos. Images were processed using DeltaVision Softworx software on a Silicon Graphics O2 system. Figures were generated by mouse embryo DNA for PCR, we lysed embryos by incubation for 3 hr at 55ЊC in 50 mM KCl, 10 mM Tris (pH 8.3), 2.5 mM MgCl 2 , projecting the sum of the optical sections.
